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Abstract
A saline aquifer of the early Pleistocene Haizume Formation was used for CO2 storage pilot test at Nagaoka site, Japan. The lithological and 
petrophysical features such as grain-size and pore-throat size distributions are presented by sediment core analysis. The aquifer is interpreted as 
deltaic deposits and the CO2 injection part corresponds to the high stand systems tract in terms of the sequence stratigraphic framework. The 
vertical heterogeneity of CO2 injectivity is related to the lithological features such as grain size and pore-throat size distributions. The detailed 
core analysis can be a promising technique for reservoir assessment such as CO2 injectivity potential, not only applicable to the Nagaoka site 
but also to other sites. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
Keywords: Reservoir characterization; Reservoir heterogeneity; Geological storage; CO2 injectivity; Sediment core analysis 
1. Introduction 
The geological storage of CO2 is recognized as an important concept for reducing greenhouse-gas emissions into the 
atmosphere [1]. The geological storage has been considered as a feasible technique, because CO2 injection has been carried out 
in worldwide for enhanced oil recovery. The storage of CO2 in saline aquifers is the most favourable option [2]. In the Japanese 
islands, site selection is important because of the large regional differences in tectonic activity. For performing the site selection
and/or site screening for geological storage, summarizing the geological features of the reservoir rocks are needed in detailed
manner. These experience and knowledge of geological features can provide useful information for the geological storage in 
other fields. 
This paper describes importance of detailed sediment core analysis for geological storage. The proposes of this study are (1) to
characterize lithological and petrophysical features in the sequence stratigraphic framework using the sediment core, and (2) to
discuss the relationship between petrophysical property such as grain size and pore-throat size distributions and vertical 
heterogeneity of CO2 injectivity in the core-scale. 
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2. Geological setting and outline of the Nagaoka pilot project 
The Nagaoka site is located in the Minami-Nagaoka oil and gas fields in Niigata Prefecture in Japan (37°24’N, 138°46’ E) 
(Fig. 1). The geological succession consists of the uppermost Nishiyama Formation, the Haizume Formation, and the Uonuma 
Formation, in ascending order. The Nishiyama Formation comprises mudstone, siltstone, sandstone and volcanic breccia. The 
Haizume Formation mainly consists of sandy siltstone and medium to coarse sandstone at the uppermost part, and is 
interfingered with the Uonuma Formation comprising sandstone and conglomerate [3]. The middle parts of the Nishiyama to the 
Haizume formations are Pleistocene in age. 
The Nagaoka site appears to be suitable for stratigraphic trapping of CO2 because several anticlinal structures are distributed 
(Fig. 1a). The targeted formation for CO2 injection was selected in the Haizume Formation. The Haizume Formation situates 
1,100 m depth and has about 60 m thick at the site [4]. One injection well (IW-1) and three observation wells (OB-2, OB-3, and 
OB-4) were drilled for CO2 injection and monitoring (Fig. 1b). The CO2 injection was conducted from July 2003 to January 2005 
with total amount of 10,400 tons. The CO2 monitoring has been conducted using the well logging tools. 
Fig. 1. Location of the Nagaoka site. (a) Sampling site and (b) configuration of wells (IW-1, OB-2, OB-3, OB-4) 
3. Material and methods 
    Sediment core, hereafter referred to as Nagaoka core, was recovered from the Haizume Formation at the depth between 977.0 
and 1,109.0 m in the IW-1 well. The core length is 35.68 m. The Nagaoka core above 1,090 m depth mainly consists of silty 
sediments, but that below 1,090 m depth consists of sandy sediments. The consolidated shell fragments and gravel sediments can 
be observed above the erosional contact at 1,092.5 m depth. This study deals with the Nagaoka core at the depth from 1,080 to 
1,109.0 m, which includes the CO2 injection zone. 
   Lithology and petrophysical properties are presented in terms of core description, grain size and pore-throat size distributions. 
The Nagaoka core was scanned by medical X-ray computed tomography (CT), and its lithology was described on the basis of the 
sediment core inspection. Grain-size distribution was measured by laser diffraction particle size analyzer. Pore-throat size 
distribution was measured by mercury porosimeter. 
4. Results 
4.1. Lithological features 
The Nagaoka core is characterized by five lithologies (Fig. 2). Facies 1 is consists of silt and clay sediments with no clear 
sedimentary structures by CT images. However, trace fossils are rarely observed. The lithology mainly appears above 1,095 m 
depth. Facies 2 is characterized by consolidated calcareous coarse-grained sediments containing shell fragments at the basal part.
This lithology can be only found at 1,092 to 1,095 m depth. Facies 3 is unconsolidated conglomerate including gravels of felsic
volcanic rock, sedimentary rock, and broken shell origins. Facies 3 appears as thin layers with a few centimeters below 1,097 m
depth. Facies 4 is characterized by cross laminated sands, and appears at the depths between 1097.9 and 1,103.9 m. These cross 
laminated sands have hummocky cross-stratification (HCS) feature [5]. Facies 5 is characterized by poorly-sorted and biotubated
sand.
   Facies association results indicate that the Nagaoka core is divided into two units at the boundary of 1,092.5 m depth: Unit 1 
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and 2 (Fig. 3a). The Unit 1 is characterized by the Facies 4 and the Facies 5 with minor contamination of the Facies 1 and 3. The 
Facies 5 is dominant at the lower part of the Unit 1, and is covered by the Facies 4 with no erosional contact. The Unit 2 consists
of the Facies 2 at the basal parts with erosional contact and overlying the Facies 1. The both units are distinguished by the 
erosional surface. 
4.2. Petrophysical properties and CO2 injectivity 
   As petrophysical properties, the median size and mud content are calculated by grain size distribution. Profile of the grain size 
distributions is shown as a surface plot (Fig. 3b). The surface plot above 1,092.5 m depth indicates a poorly-sorted distribution,
but that below 1,092.5 m depth shows well-sorted distribution with a few poorly-sorted distributions. The median size varies 
from 5.1 to 344.6 ȝm with an average of 141.0 ȝm (Fig. 3c), and the mud content varies from 6.7 to 99.3 % (Fig. 3d).   
Vertical heterogeneity of CO2 injectivity has been reported by the spinner test of IW-1 well. Profile of the CO2 injectivity 
shows two major permeable zones at the depths between 1,094 and 1,096 m, and between 1,098 and 1,102 m (Fig. 3e).
Fig. 2. X-ray CT images of five facies recognized in the Nagaoka core. X-ray CT images show slice image (right) and 
transparent image by maximum intensity projection method (left). 
5.  Discussion 
5.1. Depositional environments 
The Nagaoka core is characterized by the sedimentary succession that both units have upward-coarsening trends. Moreover, 
the Unit 2 was capped by the subsequent Unit 1 through the erosional surface. The Unit 2 can be subdivided into two subunits: 
the lower (below 1,103 m) and the upper parts (from 1,103 to 1,093 m).  
The sediments of the lower part of the Unit 2 shows bioturbated sand with poor sorting, and the upper part of the unit has HCS 
sand with no bioturbation. The features that the lower part of the unit contains evidence of bioturbation and poor sorting indicate
that it was deposited in deeper water environment compared with the upper part. In such condition, bioturbation is evident due to 
lower sedimentation rate and poor sorting because of lower wave energy effects. In contrast, the upper part of the unit is in 
shallower environment compared to the lower part, because HCS sand, which has been known as the sediments under high wave 
energy condition, is evident. In addition, minor evidence of biotubation and well sorted supports a view that it was deposited 
under higher wave action with its winnowing. The unit 2 appears to be deposited in the continental shelf to shoreface. In the Unit 
1, fine-grained sediments are dominant except for the basal part. In the basal part, the Facies 2 with a clear basal erosional 
surface is observed. The evidence indicates that erosional surface is due to a high wave energy condition. In contrast, the Facies 1 
characterized as fine-grained sediments assuming more pelagic condition is capped by the Facies 2. Both units show coarsening-
upward trends, which is one of the diagnostic features of delta succession. 
5.2. Sequence stratigraphic framework 
Sequence stratigraphy of the Upper Pliocene to Lower Pleistocene in the Niigata Basin has been established by many studies, 
which clarified the depositional system [6, 7, 8]. Hoyanagi et al. [8] investigated the Plio-Pleistocene Haizume Formation, 
correlating to the sediments recovered from the Nagaoka core, and concluded that depositional environment appears to be a 
margin of the wave-dominated delta. Moreover, this depositional environment has been basically unchanged in the subsequent 
Uonuma Formation. The Haizume Formation has the forth-order shallowing-upward sequences, consisting of outer to inner shelf 
deposits (alternating beds of sand and mud), and lower to upper shoreface deposits (bioturbated sand and HCS sand) in ascending
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order [7, 8]. The repeated shallowing-upward sequences can be recognized associated with the ravinement surface [8], and 
appears to be a response to the glacio-eustatic sea-level changes [7, 8].  
Developing a sequence stratigraphic framework, it is necessary first to identify a key stratigraphic surface. The maximum 
flooding surface (Mfs) and associated condensed section are the most readily identifiable components in a depositional 
stratigraphic sequence, so the available data should be searched for indications of these components [9]. The Mfs and condensed
section are long intervals of geologic time in which relatively fine-grained sediments are deposited over a large marine sea, they
often enriched with organic matter and clay minerals. Thus, the Mfs and condensed section can be identified as the highest mud 
content. On the other hand, a sequence boundary (SB) can be identified as an erosional surface that forms the base of a thick 
coarse-grained bed as a transgressive lag deposits. In the Nagaoka core sediments, the horizon having the highest mud content 
can be found at the depth of 1,090 m, and erosional surface at the depth of 1,092.5 m. These facts indicate that the former 
horizon and the later surface can be attributed to the Mfs and the SB, respectively. 
Once the Mfs and the SB are determined in the sediment core, the related systems tracts can be recognized in the depositional 
sequence. The interpreted systems tracts are (1) High stand systems tract (HST) at the depth below 1,093 m, (2) The 
transgressive systems tract (TST) at the depth between 1,092.5 and 1,090 m, (3) the HST at the depth above 1,090 m (Fig. 3a). 
The sequence boundary can be regarded as the ravinement surface [5]. The two high stand systems tracts appear to be deltaic 
sediments according to the lithological features as stated earlier. This study focuses on the HST at the depth below 1,093 m 
because this depositional system is the reservoir for CO2 injection.  
Fig. 3. Results of (a) facies association and sequence stratigraphic framawork, (b) grain-size distribution, (c) median size, (d)
mud content, (e) CO2 injectivity and (f) sequence stratigraphic framework of the Nagaoka core. Mfs is maximum flooding 
surface, SB is sequence boundary, HST is high stand systems tract, and TST is transgressive systems tract. 
5.3. Petrophysical properties relating to vertical heterogeneity of CO2 injectivity
Vertical heterogeneity of CO2 injectivity has been reported by the spinner test of IW-1 well [4, 10]. Profile of the CO2
injectivity shows the two major injection intervals are located at the depths from 1,094 to 1,096 m and from 1,098 to 1,102 m 
(Fig. 3e). The latter interval comprises about 70 % of total injected CO2 amount.  
Figure 3 reveals that profile of the median size shows similar trend with that of the mud content. This result confirms that mud
content controls the medina size in sediments, because the median size is one of the statistical parameters calculated from the
grain size distribution. Previous studies of oilfield sands have confirmed that grain size and sorting are related to hydraulic
permeability, which affects fluid flow in reservoirs [11]. For instance, coarser-grained sandstone shows higher permeability than 
that of finer-grained sandstone, assuming the sorting is constant. Poorly-sorted sandstone shows lower permeability than better-
sorted sandstone, because in the former, small grains infiltrates into pore space of adjacent grains. These facts suggest that the
mud content in sediments is a prime determinant of hydraulic permeability. Figure 3 illustrates that the depth of low CO2
injectivity corresponds to high mud content of the thin-layered siltstone in the reservoir. This fact suggests that CO2 injectivity is 
closely related to grain-size and pore-throat size distributions. 
For characterization of the lithological information related to the CO2 injectivity, grain size and pore-throat size distributions 
were measured from the core sample. The grain size and pore-throat size analysis are performed at the depth where high (1,100 
m), middle (1,095 m) and low (1,102 m) injectivitiy appear (Figs. 4 and 5).  
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Fig. 4. Grain-size distribution of the Nagaoka core. (a) high injectivity part (1097.5 m depth), (b) low injectivity part (1095.0
m depth), (c) middle injectivity part (1098.9 m depth). 
Grain size and pore-throat distributions have uni-modal at the high and the low injectivity intervals (Figs. 4a, b and 5a, b). 
However, grain size distribution at the low injectivity shows finer and wider range than that at the high injectivity interval (Fig.
4b). Pore-throat size distribution has mode of 20 ȝm and 2 ȝm at the high and low injectivity intervals (Fig. 5a, b). On the other 
hand, grain size has multi-modal and pore-throat distribution has bi-modal at the middle injectivity interval (Fig. 4c and Fig. 5c). 
Pore-throat distribution has modes of both 20 ȝm and 2 ȝm (Fig. 5c). This result indicates that the pore-throat distribution in the 
middle injectivity interval shows both characteristics which appear in the high and low injectivity intervals.  
The petrophysical properties such as grain-size and pore-throat size distributions are related to hydraulic permeability and 
porosity. This fact implies that the petrophysical properties such as grain-size and pore-throat size distributions may be the 
important factor controlling the heterogeneity of CO2 injectivity. In particular, mud content appears to be prime factor of the 
heterogeneity of CO2 injectivity.  
Fig. 5. Pore-throat size distributions of the Nagaoka core. (a) high injectivity part (1097.5 m depth), (b) low injectivity part
(1095.0 m depth), (c) middle injectivity part (1098.9 m depth). 
5.4. Importance of detailed sediment core analysis for CO2 geological storage study 
  This paper has studied petrophysical parameters which have the largest influence on CO2 injectivity at the Nagaoka site, as a 
case study. Among petrophysical parameters, mud content is a prime determinant of vertical heterogeneity of CO2 injectivity. 
Mud content can easily be measured by sediment core analysis. If we try to estimate the vertical heterogeneity of the CO2
injectivity from the core-scale samples as a reservoir quality assessment, detailed sediment core analysis based on 
sedimentological approach would be a promising technique. This technique can be used for assessing reservoir quality and CO2
injection potential, but for any other area for CO2 geological storage. 
6. Conclusion 
Reservoir characterization was made for the CO2 storage reservoir at the Nagaoka site. The reservoir is divided into two units 
according to the sedimentary environments. The depositional units are deposits in the continental shelf to shoreface (Unit 2) and
more pelagic environment (Unit 1), in ascending order. Both units appear to be deltaic deposits. Based on the sequence 
stratigraphic interpretation, the high stand systems tract (below 1,093 m depth), the transgressive systems tract (1,092.5 to 1,090 
m depth), and the high stand systems tract (above 1,090 m) are recognized. Under the sequential stratigraphic framework, the 
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CO2 injected reservoir corresponds to the high stand systems tract. 
The heterogeneity of CO2 injectivity was related to the lithological and petrophysical features such as lithology, grain size and 
pore-throat size distributions. Mud content is the prime factor of the heterogeneity of CO2 injectivity. The detailed sediment core 
analysis would be a useful tool for estimating reservoir quality and CO2 injection potential. 
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